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Most high-T c SQUIDs are based on grain boundary weak links or ramp-type junctions. The techniques to prepare such structures have been developed extensively and often face technological problems caused by an extremely short coherence length in high-T c superconductors. Recent results show that nanobridges, although having dimensions significantly exceeding , manifest a true Josephson behavior and are suitable for SQUID fabrication. [1] [2] [3] The concept of the coherent motion of flux quanta has become a standard for nanobridge description, and explains a wide variety of effects. 4 However, the periodic supercurrent-phase relation, which is a principal element of SQUID operation, does not follow obviously from this model.
We investigated SQUIDs based on high-T c thin film nanobridges systematically. We explain the Josephson nature of these devices by considering degradation of the bridge area during structuring, which leads to a transition from SNS-to SSЈS-type junctions with decreasing temperature.
SQUIDs were structured in 50 nm thick YBa 2 Cu 3 O 7Ϫ␦ films by electron beam lithography ͑EBL͒ and direct focused ion beam milling ͑FIB͒. An inductively shunted dc SQUID geometry was chosen. 3 The T c of unstructured films is ͑90Ϯ1͒ K. The superconducting transition curves R(T) of the investigated devices show the presence of a ''foot'' that grows rapidly with the decrease of the bridge width w, with an onset at wϷ250 nm ͓Fig. 1͑b͔͒. For wider bridges no degradation of T c has been observed. The current voltage characteristics (I-V͒ of SQUIDs at zero external magnetic field ͓see Fig. 1͑a͔͒ are similar to those of single nanobridges discussed elsewhere. 5 The critical current I c is a linear function of the nanobridge width w for 50 nm ϽwϽ350 nm. The critical current density J c is up to 3ϫ10 6 A/cm 2 at 77 K and follows J c ϰ(1ϪT/T c ) 1 .6Ϯ0.1 in a wide range of temperatures from T c down to at least T c /2.
For wϽ300 nm, voltage-flux modulation was observed in our SQUIDs. For a device based on 250 nm bridges, the maximum measured peak-to-peak voltage modulation U mod is 8 V at 77 K ͑see Fig. 2͒ . For a SQUID with 100 nm bridges (T c ϭ60 K͒, the maximum U mod is 45 V at 4.2 K.
In Fig. 3 the experimental data for the temperature dependence of the voltage modulation U mod (T) are given. U mod (T) of the nanobridge SQUID is essentially different from the one of conventional weak link SQUIDs described by the RSJ model. For wider bridges with decreasing temperature starting from T c of the bulk material, the amplitude of the modulation increases rapidly, and reaches quite a narrow maximum at TϷ0.9T c . With further decrease of temperature, the amplitude of modulation drops and vanishes, remaining zero at lower temperature. Narrower bridges, where T c is suppressed significantly, show a maximum at higher temperature, a decrease of the voltage modulation in intermediate temperature range, and an abrupt raise at low temperatures ͑typically below 20 K͒ ͑see also It is reasonable to assume that superconducting properties of YBaCuO change in the vicinity of a trench patterned by either FIB or EBL. Earlier experiments demonstrated that a superconductor shows degradation of T c after irradiation by high energy ions. 6 We assume the spatial distribution of T c in a region close to the trench follows the formula:
where T cb is the critical temperature of bulk, x is the distance from the trench, and x 0 is the characteristic length of the T c variation. Applying this formula to nanobridges ͑i.e., two trenches at distance wϭ2x), decrease of T c of the nanobridge with decreasing w is expected. This is confirmed by the experimental results ͓see Fig. 1͑b͔͒ , taking x 0 in the order of 50 nm. Let us assume that a nanobridge behaves like an SNStype junction in the temperature range T c2 ϽTϽT c3 , and like a bulk superconductor below T c2 , where T c2 is the critical temperature of the central region of the bridge, and T c3 is T c of the layer next to it ͑see Fig. 4͒ . Such system can be described by the ''two fluid'' model, where the Josephson component of the supercurrent I j is gradually substituted by a ''strong'' term ͑i.e., nonperiodic with the phase difference ⌬͒ with decreasing temperature. We calculated the temperature dependence I j ͓see Fig. 6͑a͔͒ using an expression derived by Likharev and Kupriyanov et al. 7, 8 for long SSЈS junctions:
͑2͒
Here, A 2 ϭ(T cs ϪT)/͉T c ϪT͉, where T cs is the critical temperature of the junction electrodes and T c is that of the junction area itself. L is the length of the junction. We substituted in the model T cs by T c3 and T c by T c2 , where both T c2 and T c3 are functions of the bridge width w according to Eq. ͑1͒.
The SQUID voltage modulation is proportional to the critical current I c ͑assumed to be the Josephson current͒ and can be written as
͑3͒
This expression explains the vanishing of U mod of the SQUIDs with decreasing temperature due to the decline of the Josephson term I j of the full supercurrent of the nanobridge. By assuming a T c distribution along the bridge according to Eq. ͑1͒, the temperature range where the modulation is observed can be calculated and agrees with the experiment for bridges of all widths. 
